Purpose: Physical phantoms are central to the evaluation of 2D and 3D breast-imaging systems. Currently, available physical phantoms have limitations including unrealistic uniform background structure, large expense, or excessive fabrication time. The purpose of this work is to outline a method for rapidly creating realistic, inexpensive physical anthropomorphic phantoms for use in fullfield digital mammography (FFDM) and digital breast tomosynthesis (DBT). Methods: The phantom was first modeled using analytical expressions and then discretized into voxels of a specified size. The interior of the breast was divided into glandular and adipose tissue classes using Voronoi segmentation, and additional structures like blood vessels, chest muscle, and ligaments were added. The physical phantom was then fabricated from the virtual model in a slice by slice fashion through inkjet printing, using parchment paper and a radiopaque ink containing 33% (I 33% ) or 25% (I 25% ) iohexol by volume. Three types of parchment paper (P1, P2, and P3) were examined. The phantom materials were characterized in terms of their effective linear attenuation coefficients (l eff ) using full-field digital mammography (FFDM) and their energy-dependent linear attenuation coefficients (l(E)) using a spectroscopic energy discriminating detector system. The printing method was further validated on the basis of accuracy, print consistency, and the reproducibility of ink batches. Results: The l eff of two types of parchment paper were close to that of adipose tissue, with l eff = 0.61 AE 0.05 cm À1 for P1, 0.61 AE 0.04 cm À1 for P2, and 0.57 AE 0.03 cm À1 for adipose tissue. The addition of the iodinated ink increased the effective attenuation to that of glandular tissue, with l eff = 0.89 AE 0.06 cm À1 for P1 + I 25% and 0.94 AE 0.06 cm À1 for P1 + I 33% compared to 0.90 AE 0.03 cm À1 for glandular tissue. Spectroscopic measurements showed a good match between the parchment paper and reference values for adipose and glandular tissues across photon energies. Good accuracy was found between the model and the printed phantom by comparing a FFDM of the virtual model simulated through Monte Carlo with a real FFDM of the fully printed phantom. High consistency was found over multiple prints, with 3% variability in mean ink signal across various samples. Reproducibility of ink consistency was very high with <1% variation signal from multiple batches of ink. Imaging of the phantom using FFDM and DBT systems showed promising utility for 2D and 3D imaging. Conclusions: A novel, realistic breast phantom can be created using an analytically defined breast model and readily available materials. The work provides a method to fabricate any virtual phantom in a manner that is accurate, inexpensive, easily accessible, and can be made with different materials or breast models.
INTRODUCTION
Breast phantoms play a vital role in the evaluation of clinical breast imaging systems. Presently, few physical phantoms are available for this purpose, and the existing phantoms suffer from notable limitations. The widely used ACR 1 mammography accreditation and CDMAM 2 phantoms continue to serve as important benchmarks for routine QC and baseline testing. However, these phantoms were developed for planar radiography such as full-field digital mammography (FFDM). With the rapid adoption of advanced 3D imaging technologies such as digital breast tomosynthesis (DBT), there is a great need for phantoms that can be fully utilized in both 2D and 3D evaluations. Moreover, the aforementioned phantoms consist of a uniform background with a layer containing inserts, which are sufficient for quick pass or fail testing, but fall short of capturing the complex nature of the breast and cannot be used for studies involving signal detection against a structured anatomical background. In order to truly evaluate clinical systems in terms of their intended diagnostic tasks, a realistic 3D anthropomorphic breast phantom is essential.
A limited number of anthropomorphic physical phantoms have been created for imaging studies. Presently, these phantoms are created using a model-based approach, in which the physical phantoms are generated from clinical patient data. Carton et al. 3 fabricated a physical phantom based on a virtual model of breast tissue designed by Bakic et al. 4 Similarly, Kiarashi et al. produced a 3D printed phantom based on voxelized clinical breast CT data. 5, 6 Such phantoms offer the distinct advantage of having a virtual model that provides a known ground truth. However, prototyping through 3D printing is very expensive, and the small selection of available materials can make it difficult to include additional structures in the breast, such as lesions and microcalicifications. Additive manufacturing systems can cost between $7k and $250k 7 for the printer alone, and around $10 to $500 per kilogram of material. Because so few groups have been able to realize physical phantoms from virtual models, there remains a great need for a method that enables fast, customizable, and affordable manufacturing of realistic breast phantoms.
The purpose of this work is to describe a novel method for creating physical anthropomorphic breast phantoms that possess realistic anatomy and accurately mimic the xray characteristics of breast tissue, for both 2D and 3D imaging. The method utilizes inkjet printing to easily generate a physical phantom based on an existing virtual breast model. The present paper provides a detailed methodology of the manufacturing steps, and includes a rigorous validation of the approach in terms of characterizing material attenuation, phantom accuracy, print consistency, and ink reproducibility. This is the first such technique for creating a realistic breast phantom in this manner.
MATERIALS AND METHODS

2.A. Virtual breast model
An analytical breast model was created through the method described in detail by Graff, 8 and an overview of the model is illustrated in Fig. 1 . The breast modeling code will be made available on the DIDSR GitHub page (https:// github.com/didsr). The breast surface was first formed by creating a quadratic hemisphere shell with a skin layer and nipple area overlaid. The shape of the shell was adjusted via parameters that determine overall breast volume and adjust surface curvature. Using Voronoi segmentation, the interior of the shell was randomly divided into regions of fat or glandular components, with each glandular component containing a ductal network with terminal duct lobular units. The volume was then filled with additional breast features such as Cooper's ligaments, chest muscle, and blood vessels. A malignant lesion 9 was also modeled and later inserted. To compress the breast, the volume was transformed to a tetrahedral mesh, and each mesh element was given elastic properties determined by the glandular or adipose voxels at the center of the element. The mesh was then deformed using linear elasticity finite element modeling, and the breast was compressed in a cranio-caudal orientation to a thickness of 30 mm, chosen to represent a smaller breast and for a shorter manufacturing time in this study. However, there are no limitations for generating a phantom with any breast thickness. Because the phantom model is based on analytical expressions, both the compressed thickness and voxel size are arbitrary; for the present study, the breast model was sampled at 70 lm isotropic voxel size, based on the thickness of the parchment paper. The virtual phantom was fabricated in about 2 h, where the amount of time needed scales with the total number of voxels in the phantom. It should be noted that depending on the size of detector elements, a given voxel size could result in undesired effects related to discrete image sampling. Lastly, while it is possible to fabricate a phantom with multiple tissue classes, the model was binarized to contain just adipose and glandular tissue classes by setting all nonadipose materials equal to glandular tissue. Fiducial markers were virtually inserted in the same location at every z-depth of the model outside the breast to ensure proper alignment in the printed slices (using methods described below).
2.B. Fabrication
The physical phantom was created through an inkjet printing process. The printer used was a commercially available desktop inkjet printer (Epson Workforce 630). Such printers can be purchased for around $60. Refillable cartridges were used in lieu of the original manufacturer cartridges, which cost about $4 each. The printing resolution was measured by printing a line pair phantom and, depending on the printer settings, was found to be between 50 lm and 100 lm in the x-direction and 50 lm and 70 lm in the y-direction. The printing resolution was set to 363 dots per inch to provide 70-lm dots and match the 70-lm voxel size of the digital phantom. In this procedure, a specialized ink designed to create similar attenuation properties as glandular tissue was deposited onto a type of paper that would serve as background adipose tissue. The ink is synthesized by combining regular pigmented ink (InkThrift, Vermont PhotoInkjet, East Topsham Village, VT) with 350 mg/mL iohexol (Omnipaque, GE Healthcare, Princeton, NJ) in one solution with 67% ink and 33% iohexol and another with 75% ink and 25% iohexol by volume. Each bottle of InkThrift ink can be purchased for roughly $30 for 220 mL, and the iohexol for about $200 per 250 mL. When referring to the ink, the notation I 25% will be used for the solution with 25% iodine by volume, and I 33% for 33% by volume. A lesion was later inserted and printed using I 50% . The addition of iodine did not cause a significant difference in printing resolution.
Because the printer has several color cartridges, it is possible to print additional materials in different "colors." For example, to print skin, an appropriate iodine-ink concentration would be determined and placed into a separate cartridge. Different colors could then be applied to the skin and glandular compartments, and printed accordingly. Additionally, the number of materials that can be simultaneously printed would not be limited to the number of color cartridges available to the printer, as it is possible to combine the primary colors in various levels to produce a multitude of colors.
For the adipose background, previous work 10 by this group indicated that parchment paper had similar x-ray attenuation properties as adipose tissue. For the present study, three types of parchment paper were considered: Baking Parchment Paper (King Arthur, Norwich, VT), Cookie Baking Sheets (Reynolds, Lake Forest, IL), and Perfect Parchment (The Smart Baker, Rockledge, FL), which will be referred to as P1, P2, and P3, respectively. About $80 worth of parchment paper would be necessary to print the virtual model. The parchment paper measured approximately 70 lm in thickness for all three brands. The synthetic glandular material created by combining parchment paper and ink will be denoted by the parchment paper type and ink type. For example, if I 25% is printed onto P1, the resulting synthetic glandular tissue will be referred to by P1 + I 25% .
In a slice by slice fashion, each slice of the virtual model was printed onto a single sheet of parchment paper. To align the sheets, a customized hole punch was created to insert holes over the fiducial markers, shown in Fig. 2 ; the holes would then slide over posts attached to a specialized support plate to ensure no motion in the sheets after placement. After the printed sheets were collated on the support plate, a large specialized compression paddle containing holes for the posts was placed on top of the stack to secure the sheets and enable uniform compression. The sheets must be allowed to dry on the parchment paper prior to handling, and typically 4 h was sufficient. After drying, one person can then punch holes and collate the sheets in about 10 h.
To demonstrate the utility of the phantom, a three dimensional, approximately 5-mm spiculated lesion and mircocalcification clusters were inserted after fabricating the entire stack. The 3D lesion was first inserted virtually, then placed into the physical phantom by reprinting the select slices over which it spanned and substituting these in place of the lesionfree sheets at the corresponding positions. Microcalcifications were simulated by crushing eggshells and placing them in locations of varying glandular density across the physical breast phantom. The number of specks in a cluster ranged from 11 to over 30. The diameters of the clusters were varied between about 3.5 mm and 8 mm.
2.C. Validation
2.C.1. Material Characterization
Samples of the parchment paper with and without ink were compared to tissue equivalent chips (CIRS, Norfolk, VA) of known glandularity ranging from 0% to 100% glandular fraction. The tissue equivalent chips were between 4.7-mm and 5.1-mm thick. For the parchment and parchment + ink samples, a testing swatch was created by stacking 30 copies of a 15 mm 9 15 mm square printed onto parchment paper. Data were collected using a clinical FFDM machine (Lorad Selenia, Hologic, Bedford, MA) system with 660 mm SID and a direct a-Se detector with 70-lm pixel pitch. A polychromatic spectrum was generated using target/filter combination of molybdenum/molybdenum at 28 kVp and 35 kVp with a tube load of 10 mAs. Gain map and offset corrections were performed. From the raw pixel data, an effective linear attenuation coefficient (l eff ) for each material was calculated according to Beer's law
where t is the thickness of the sample, I 1 is the transmited signal through the sample, and I 0 is the open field signal. Separate acquisitions were obtained with and without the samples for the signal present and signal absent readings, respectively. In the separate acquisitions, the measurements were taken within regions of interest placed in the same location with and without the chips to avoid effects of field inhomogeneity and detector nonuniformity. Tomosynthesis images were acquired on a clinical DBT system (Dimensions, Hologic, Bedford, MA) with 700 mm SID, a-Se detector, and a 70-lm pixel pitch with 2 9 2 binning. The exposure technique used was 31 kVp (W/Al)and 80 mAs. The full printed phantom on the FFDM system is shown in Fig. 3 . For further comparison, the theoretical effective linear attenuation coefficient values were calculated for pure adipose and glandular materials. Simulation was performed using an in-house program called MammoFilter 11 that generates x-ray spectra from polynomials using the Boone model 12 and uses the attenuation coefficients from the XCOM program 13 (National Institute of Standards and Technology). X-ray spectra were generated for the same experimental beam conditions and transmission was simulated through 100% glandular and 100% adipose samples of the same thickness as the CIRS chips. The simulated effective linear attenuation coefficients were calculated according to the equation
where Φ is the photon fluence, E is the photon energy, and l is the reference linear attenuation coefficient. Ideal detector sensitivity was assumed. Spectroscopy was performed on the samples to obtain spectrum-independent measurements of the parchment l across energy. A polychromatic beam was produced using a tungsten source with 35 kVp at a tube load of 2 mA, collimated with a 1.25 mm aluminum aperture. An energy discriminating detector was used consisting of a high purity germanium (HPGe) photon counting detector (Canberra, Meriden, CT) with an active area of 100 mm 2 and thickness of 10 mm, behind a beryllium window of 0.025-mm thickness. To reduce the effects of scatter and pulse pileup, a narrow-beam measurement geometry was formed by using a 0.4-mm pinhole placed 40 mm from the detector cap. Readings were recorded as counts per energy bin, and l was determined using the equation
where the subscripts 1 and 0 indicate the recorded spectra with and without the sample present, respectively. Readings with and without the sample were taken for equal amounts of time. Prior to obtaining the measure, the detector was calibrated using Cs-57 and Cd-109 radioisotopes with readings taken for 3600 s. After calibration, the spectroscopy system was tested on a 3-mm PMMA sample and the computed l(E) values were compared against reference values obtained from the NIST database. After verification, measurements were taken for the parchments paper samples.
2.C.2. Accuracy
To evaluate the accuracy, a mammogram of the final printed stack was qualitatively compared to a simulated mammogram of the virtual model. For the real mammogram, the physical phantom was imaged with Mo/Mo at 28 kVp with 100 mAs, resulting in an average glandular dose of about 2.2 mGy. For the simulated mammogram, Monte Carlo simulation with the MC-GPU code 14 was performed under the same beam conditions and acquisition geometry as the real mammogram, using 6 9 10 11 x rays to approximately match the average glandular dose. Computation was executed via GPU processing (GeForce Titan, NVIDIA, Santa Clara, CA). In the physical phantom, the area outside the printed breast contains parchment, since the phantom is not cut to the breast outline. To account for this in the Monte Carlo simulation, the air region outside the breast in the virtual model was replaced with fat.
To quantitatively evaluate the accuracy of the printed phantom relative to the virtual model, the structural similarity (SSIM) index 15 was computed using the "ssim" function from MATLAB's Image Processing Toolbox. The value of the SSIM ranges from 0 (no structural similarity) to 1 (perfect structural similarity). Before computing the SSIM metric, three pre-processing steps were executed: first, the images were normalized to their own median value to be in a similar floating-point scale; second, the images were registered using an affine transformation that applied the optimal translation, rotation, and scaling of the simulated image to best align with the real image; finally, the images were downsampled to compare the similarity of the larger structures visible in the images instead of the small high-resolution features that are dominated by the quantum noise in the real image and random parchment paper texture not modeled by the simulation. Wang et al. suggest a downsampling factor of 2. 
2.C.3. Print Consistency
To test that the same amount of ink was deposited in each print, 18 testing squares measuring 15 mm 9 15 mm were printed onto a sheet, and the signal variance of the ink-only l eff was obtained across the ensemble. The test objects were printed onto a slide transparency of uniform background, so that the variance of the background material would have a negligible contribution to the measured signal variance. Images were obtained at 20 kVp and 40 mAs, set to the lowest possible voltage to maximize contrast and a high exposure to reduce pixel noise without suturing the detector. To further reduce noise, 10 acquisitions were taken and averaged for both the object present and object absent measurements.
2.C.4. Reproducibility
The reproducibility of the samples was tested to evaluate variability in l eff due to differences among sheets of parchment and changes in ink production. This was achieved by analyzing five separate batches of P1 + I 33% ink each created at least a day apart. For each batch, three to five testing swatches were made. The swatches were imaged on the FFDM system at 28 kVp and 10 mAs, and the l eff of the ink and parchment paper were measured from regions of interest within the imaged square and the adjacent parchment background, respectively. An average l eff was measured over all the swatches for a given batch.
RESULTS
3.A. Material characterization
The l eff is plotted for the simulated and experimental tissue model values and three parchment types in Fig. 4 The spectroscopy results of the parchment paper are shown in glandular (dark gray) and fat (light gray) tissues included. In Fig. 5(a) , l is plotted as a function of energy for the three parchment paper brands. Overall, all brands had attenuation values well within the range of breast tissues. P1 and P2 demonstrated values closer to adipose tissue than P3 across all energies, in agreement with the data from Fig. 4 . P2 had slightly lower attenuation than P1. In Fig. 5(b) , the l for P1 is provided alongside P1 + I 25% . The addition of iodine increased the material attenuation to approximately match that of glandular tissue. Because P1 alone had a higher l than pure adipose, the resulting signal difference between P1 and P1 + I 25% was slightly lower than the signal difference between pure glandular and adipose tissues. However, the signal difference between P1 and P1 + I 33% matched very well with that of the pure glandular and adipose tissues. As a result, to give the most realistic appearance of l separation between adipose and glandular tissue types, the final full phantom was printed using P1 parchment paper and I 33% the ink.
3.B. Accuracy
The real and simulated mammograms are compared sideby-side in Fig. 6 , with the Monte Carlo simulation of the virtual model in Fig. 6(a) , the mammogram of the full printed phantom acquired on the clinical system in Fig. 6(b) , and the absolute difference of the images, subsampled by a factor of 4 in Fig. 6(c) . Both a qualitative and quantitative assessment of accuracy were performed to describe the similarity between the simulated and real mammograms. Qualitatively, the images are visually very similar as observed by comparing (a) and (b). In the printed phantom, small structures are maintained in the interior of the breast close to the skin boarder and chest wall, demonstrating good fidelity. In addition, the subject contrast was maintained in the parenchyma, illustrating that the x-ray characteristics of the parchment paper and ink materials matched well with their ideal reference values. However, there are some notable differences between the images, made more evident by the absolute difference image in (c). In this subfigure, brighter signal corresponds to a greater difference and darker signal to a smaller difference. Much of the difference is visible as structure in the parchment paper. In particular, the parchment paper mottle is most visible in regions of low glandular density, outside of the breast as well as within the less dense breast portions of the breast. There is some loss of fine details within the peripheral adipose regions of the printed phantom that are more sharply visible in the model. The presence of structure in the parchment paper itself further obscures some of the fine lines. Lastly, some streaking is visible due to the discrete vertical motion of the print head from line to line. The streaking is further discussed in the Discussion section of this paper. Quantitatively, the degree of similarity between the real and the simulated mammographic projections of the breast phantom was evaluated using the Structural Similarity Index (SSIM). A direct comparison of the pixel values of the two images using a metric such as the mean square error was not considered adequate in this case due to the very different nature of the acquisition method and acquisition geometry of the two images. 17 With a factor of 2 downsampling the average SSIM was 0.82, and with a factor of 4 this was improved to 0.90. Since an SSIM of 1 equates perfect similarity, these results indicate a good degree of fidelity between the simulated and printed image, suggesting that the printed phantom is an accurate physical realization of the volumetric structures in the virtual model.
3.C. Reproducibility and print consistency
Measurements of the print consistency were determined by calculating the variance of mean ROI measurements computed from repeated prints of a test square. Results showed a 3% standard deviation in the mean ROI value across the prints. The results for the reproducibility testing are arranged in Table I . The table reports the consistency of the mean l eff evaluated from multiple samples for a given batch. In the second column, the average l eff from the combined parchment paper and iodinated ink l PþI eff , is reported. In the third column, results are given for mean l eff from the parchment paper alone l P eff . In the fourth column, the local signal difference between the synthetic glandular and parchment paper background is provided D l I eff , calculated as the difference between second and third columns. In the fifth column, the standard deviation r I of the signal difference is given for each batch. In the final column, the relative error was calculated as the standard deviation r I divided by the signal difference D l I eff , reported as a percentage. Data from the second column showed that the signal from the combined ink and parchment paper varied moderately from batch to batch. However, the signal difference had very stable values, seen in column four. From the final column, the relative error indicates 8.4% variability and less within a single batch, but <1% variability across all four batches.
Images of the phantom containing the 5-mm lesion are provided in Fig. 7 for (a) a photograph of the central slice, (b) a slice through the DBT volume with 1-mm slice thickness, and (c) an FFDM projection. In each image, a blue circle highlights the lesion location. The outline of the lesion was faint but still visible in the DBT image, but was very difficult to appreciate from the FFDM image. Edge enhancement was evident in the DBT slice around the breast boundary, and within the breast, interior details of the phantom were more clearly appreciated compared to the FFDM image.
An FFDM image of the phantom with eggshell clusters is given in Fig. 8 , with the eggshell clusters placed on the top sheet of the stack. This example demonstrates how simulated microcalcification clusters can be introduced into the phantom. The clusters demonstrated varying conspicuity depending on the placement in regions of high, medium, and low glandular density. Measured from the images, the eggshell specks ranged in diameter from about 120 lm to 1.2 mm, bracketing the sizes of real microcalcifications.
DISCUSSION
Breast phantoms are important tools in assessing the performance of clinical machines in terms of system optimization, assessing QC, and conducting psychophysical observer studies. A number of sophisticated virtual phantoms 8, [18] [19] [20] [21] [22] [23] exist for such purposes, but as virtual models their use is limited to in silico testing. Physical phantoms are most useful for both laboratory and clinical applications since they can be imaged directly on a given benchtop or clinical system, without the need to model system geometry or include often unknown proprietary image processing and reconstruction software. A number of structured physical breast phantoms have also been created, and these can be classified as anthropomorphic through either a statistical or model-based approach. The statistically based phantoms attempt to recreate the first-and second-order statistics of real breasts by matching linear attenuation coefficients and power law properties. Freed et al. 24 developed a phantom using lard and egg whites for use in both x-ray and MRI imaging. Gang et al., 25 Park et al., 26 and Cockmartin et al. 27 created so-called beaded phantoms, in which an acrylic container is filled with small plastic spheres of varying diameter to mimic anatomical clutter. Other phantoms in this category include the commercially available Voxmam and BR3D, both of which were described by Cockmartin et al. 27 While very useful, these phantoms can be cumbersome to create or lack realism. The model-based phantoms, on the other hand, described by Carton et al. 3 and Kiarashi et al. 6 generate a physical phantom from a virtual, anthropomorphic breast model through additive manufacturing. However, such phantoms can be prohibitively expensive and have a limited selection of materials, and they do not easily incorporate the addition of pathological features such as lesions. An inkjet-printed phantom, however, is an inexpensive, fast, and viable alternative that maintains desirable tissue properties. In the present paper, the total material cost for this technique was less than $400, and the amount of time for production was about 2 work days. An inkjet printer is suitable for this purpose since it is widely available, easy to use, and few additional requirements are necessary: refillable cartridges must be compatible with the printer model, and printers with a wider nozzle may be more accommodating of the ink. Additionally, many commercially available printers offer exceptional printing resolution, well beyond 360 dpi. Furthermore, any virtual model can be used for the breast, and multiple tissues can be printed with the use of multiple colors or cartridges in the printer. In this paper, our group presents a novel approach to creating an anthropomorphic breast phantom by using materials that have realistic attenuation properties and a method with good accuracy, consistency, and reproducibility.
The attenuation properties of the parchment papers matched well with the reference values for adipose tissue. Although P2 had the lowest l eff of all three brands (closest to adipose tissue), its sheets came folded, resulting in a deep crease in the middle of the printed breast. The P1 sheets, however, were completely flat, and proved to be the most viable since they still had similar attenuation properties as adipose. The addition of iodine to the parchment paper increased the combined attenuation to be very close to that of glandular tissue. The signal difference between P + I 25% and P1 alone was lower than the signal difference between pure glandular and pure adipose tissues. To match the signal difference between glandular and adipose tissue samples, a higher concentration of iodine was needed in the ink. Specifically, using I 33% resulted in a synthetic glandular material that was more attenuating than the pure glandular tissue, but yielded the correct signal difference relative to P1 alone. For this reason, the final stack was printed using P1 + I 33% .
Insertion of pathological features proved to be straightforward. One example showing insertion of a spiculated mass and microcalcification clusters was provided. In practice, 3D lesions of any size, contrast level, and physical characteristic can be created through available lesion modeling software, and inserted into the virtual model. Then, the sheets containing the lesions can be replaced on a slice by slice basis. The microcalcifications were placed directly onto the sheets, and were easily removed by wiping them off. Our research group is currently investigating other approaches for inserting masses and microcalicifcations into the phantom. It should be possible for many masses and microcalcifications to be inserted throughout the volume, thus making it straightforward to conduct lesion detection or discrimination studies. The phantom can be imaged with both FFDM and DBT systems. In the example provided, the phantom was imaged under both modalities after the mass was inserted, a small spiculated lesion with low contrast, presenting a challenging detection task in the complex background. This example illustrated the utility of the phantom for both 2D and 3D imaging studies.
A qualitative assessment of the accuracy showed differences between the simulated and real mammograms. While the Monte Carlo-simulated FFDM image of the virtual model is very similar in appearance to mammogram of the phantom acquired on a clinical system, differences still exist. Fine, high-frequency structures in the peripheral breast regions are more conspicuous in the simulated image. While these differences could be due to the limited spatial resolution of the printing process, part of the loss of sharpness in the real image is a natural consequence of the detector blurring and focal spot size, two aspects that were idealized in the simulated image. The Monte Carlo simulation assumed an ideal xray focal spot and an ideal detector sampling (i.e., no detector blur was modeled), thereby generating an unrealistically high resolution FFDM image. With more realistic Monte Carlo modeling of the imaging system, it is expected that the finer high-frequency structure of the Monte Carlo simulated FFDM images would appear closer to that of the phantom image. Another difference between the simulated and experimental measured phantom images is that the clinical system used an anti-scatter grid, whereas the Monte Carlo simulation did not model the grid. Our group is working to improve the Monte Carlo simulation modeling by incorporating a finite focal spot blur and non-ideal detector sampling. Additional factors that could cause differences include the fact that the area outside of the phantom was also modeled as solid fat, whereas the area outside the printed breast is actually parchment, and that the simulated mammogram also did not contain the acyclic support plates contained in the real phantom. The presence of the acrylic plates and parchment in place of fat may contribute different degrees of scatter to the resulting images.
It was observed that parchment paper provides some additional nonuniform structure. Thus, there was a slight variation in the phantom adipose tissue regions. This variation can be observed in the area outside of the breast in both the parchment paper and the radiographs. Quantitatively, this can be observed by the variation in l eff measurements of the parchment paper noted in Table I . This variation could be considered a feature in the phantom model, because it is likely that there is also some variation in the attenuation of real adipose tissue. 28 Results from Table I also showed that within a single batch of ink, the mean signal of the synthetic glandular tissue samples varied by 8.4% or less. This could be an indicator of variability in both the parchment paper itself as well as repeatability in the ink production process. However, with different ink batches there is high consistency, with <1% standard deviation across the mean D l I eff . These results suggest that it is possible to manufacture ink in different batches over several weeks with very similar consistency.
Faint streaking was visible in some of the middle parts of the printed phantom. This is likely due to the motion of the printer nozzle, as different print settings affect the speed of the nozzle and the amount of ink deposited. There is also a tradeoff between ink density and resolution, wherein more densely packed ink dots result in edge blurring. Moreover, the printer does not print continuous lines, but rather deposits drops of ink of varying size. The effect is that the spacing of the dots is different in the horizontal direction, where the nozzle can move smoothly, versus the vertical direction where the nozzle shifts discretely from line to line. Newer, more accurate printers are being explored to eliminate such artifacts.
Although this work is broad in scope, there are some limitations. Iodine was used as a dopant because it has been employed widely in x-ray imaging and dissolves well with the pigmented ink as a solution. However, its 33 keV K-edge limits its use to imaging at lower energies. Our group is actively investigating other promising dopants such as gadolinium and titanium dioxide nanoparticles which would allow imaging at higher energies. Slight differences were observed between the simulated and measured attenuation values for the purely adipose and glandular issues. The simulated spectra were generated using MASMIP, 12 and an ideal detector and focal spot were assumed. Furthermore, the tissue samples were simulated based on the Hammerstein 16 values. Physical limitations of the real source and detector, as well as potential impurities and nonuniform thickness in the tissue equivalent chip samples could all contribute to the observed differences. The present phantom represents a compressed breast, and was used with FFDM and DBT modalities. In the future, an uncompressed version of the breast will be created to study breast CT. Finally, the phantom contained parchment outside of the breast region. The next step is to cut the phantom to just outside of the breast skin-line in order to reduce contribution from scatter and create a smaller, more breastlike shape.
CONCLUSIONS
Presently, available physical phantoms are often expensive or difficult to create. In this work, we describe a novel process for creating an 3D anthropomorphic breast phantom from a virtual model through inkjet printing using parchment paper and iodine-doped ink. A rigorous validation demonstrated that the materials closely resemble adipose and glandular tissues in terms of linear attenuation and that the manufacturing process is accurate, reproducible, has great utility in both 2D and 3D breast imaging. Furthermore, this phantom is not limited to one breast model, and any virtual model, being voxelized, can be printed using this unique approach. The phantom presents a very promising device for use in regulatory submissions, quality control, and task-based evaluation of breast imaging systems.
